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COMMUNICATIONS 
Absence of photoelectron spectroscopic evidence for “proton 
tunneling” in the cation ground state of jet-cooled tropolone 
H. Ozeki, M. Takahashi, K. Okuyama, and K. Kimura 
The Graduate University for Advanced Studies and Institute for Molecular Science, Okazaki 444, Japan 
(Received 3 September 1991; accepted 2 October 1991) 
Spectroscopic splittings showing the proton tunneling, 
so-called “tunneling splittings,” have been reported for 
molecules having intramolecular hydrogen bonds. Among 
these molecules, tropolone is the most typical one. Spec- 
troscopic evidence for proton tunneling in the electronic 
ground state (Se) of tropolone has been indicated by 
Redington’ from observation of splitting in several vibra- 
tional levels. In the electronically excited state (S,, nr*) of 
tropolone, the tunneling splittings of the vibronic levels 
have been observed by many groups.?-’ The splitting 
widths at the zeroth vibrational levels have been estimated 
by Redington et ale5 to be 0.3 and 19 cm - ’ in the Se and 
S1 states, respectively. The vibrational-mode dependence of 
the splitting width in the X1 state has also been reported.’ 
For example, the separation amounts to 32 cm - ’ in mode 
13, but only 7 cm - * in mode 26. These results provide us 
with detailed information about the proton tunneling dy- 
namics of tropolone in the S, state.5-7 
Our interest is to study the proton tunneling dynamics 
of the cation ground state (Da) of tropolone. The cation Do 
state has been identified as r- ‘,* with six P electrons in the 
skeletal ring. The “Hiickel 4n + 2 rule” may be expected 
to apply to the tropolone cation. The 67~ aromaticity affects 
both the geometrical and the electronic factors governing 
the proton tunneling in the tropolone cation. The geomet- 
rical factor is the ring planarity. The increase in planarity 
that occurs on ionization, causes the two oxygen atoms to 
approach each other, which would result in accelerated 
proton tunneling.g On the other hand, the electronic factor 
is the charge distribution of P electrons. The delocalization 
of the 7r electrons on the skeletal ring reduces the charge 
density on the ketonic oxygen. This would result in inhi- 
bition of the proton tunneling. Thus, the proton tunneling 
in the cation Do state depends on the balance between these 
structural and electronic factors. it will be very interesting 
to confirm this situation from a spectroscopic study. 
Under such a circumstance, we considered it interest- 
ing to study several vibronic levels of the tropolone cation 
by a very high resolution photoelectron spectroscopy. 
Therefore, in the present work, a compact high-resolution 
( l-2 cm - ’ > threshold photoelectron analyzer, recently 
developed in this laboratory,” has been applied to jet- 
cooled tropolone, combined with a two-color (1 + 1’) 
REMPI (resonantly etihanced multiphoton ionization) 
technique. REMPI photoelectron spectroscopy is a power- 
ful tool to carry out “cation spectroscopy” for various gas- 
phase molecules. l1 
Since individual S1 tunneling doublet components in 
tropolone can be selected as an intermediate state in 
REMPI experiments, the photoelectron spectrum should 
become drastically less complex. Only photoelectron peaks 
corresponding to transitions terminating on levels with the 
same parity should appear. In this communication, we re- 
port a photoelectron spectroscopic result showing inhibi- 
tion of proton tunneling in the cation Do state to less than 
2 cm-‘. 
The details of our experimental apparatus have been 
reported elsewhere.” Tropolone (Aldrich Co. ) was heated 
to 370 K to obtain sufficient vapor pressure and mixed with 
argon as a carrier gas ( 1.5 atm) . Photoelectrons generated 
under zero electric field conditions were collected by ap- 
plying an extracting field of 2 V/cm after a 500 ns delay. 
The delay time between the excitation laser (wl) and the 
ionization laser (Q) was about 5 ns.” The laser wave- 
length was calibrated by an A/Fe hollow cathode lamp 
(Hamamatsu Photonics) . Although each photoelectron 
band of tropolone was obtained with a band width of 9 
cm-’ (FWHM), the accuracy of the peak position was 
*l cm-‘. 
Figure 1 shows a two-color ( 1 + 1’) ion-current spec- 
trum of jet-cooled tropolone in the S1 +-So region, similar 
to the corresponding fluorescence excitation spectrum re- 
ported previously.e So far, no MPI spectra have been 
reported. The vibrational assignments made by Sekiya et 
al6 were used in the present work. The notation Hf indi- 
cates the hot band originating from the upper splitting 
level in the So zeroth vibrational level. Owing to a symmet- 
rical double minimum potential, only electronic transitions 
between vibrational levels belonging to the same parities 
are allowed: symbolically, + c + , - + - . These two 
types of transitions are denoted hereafter as 0: and Hi, 
respectively. 
The observed splitting width of each vibronic transi- 
tion is given by the difference between the doublet separa- 
tion in the So zeroth vibrational level and the S, vibronic 
level. Since the doublet separation of the So zero level has 
been estimated to be 0.3 cm-‘,’ the splitting width ob- 
tained from the ion-current spectrum should be nearly 
J. Chem. Phys. 95 (12), 15 December 1991 0021-9606/91/129401-03$003.00 @  1991 American Institute of Physics 9401 Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
Letters to the Editor 
%? 
2 2 
d 
z 
-z 
5 
‘Z 
c 
.g 
5 
it 
T I I 1 1 
I I 
27000 01 Energy (cm-‘) 27500 
FIG. 1. Two color (1 + 1’) REMPI ion-current spectrum of jet-cooled 
tropolone in the S, +S, region. The energy of the ionization laser Lo,) 
was fixed at 42 240 cm - I. The tunneling doublets are indicated with 
dotted lines. Several peaks, which have not been assigned, are probably 
due to the molecular..~mplex formed between tropolone and water. 
equal to the S, doublet separation. From our ion-current 
spectrum (Fig. 1 ), we obtained a value of 19 cm - ’ for the 
doublet width in the S1 zeroth vibrational level. This value 
is almost the same as in the fluorescence excitation 
spectrum.- The observed splitting width depends on 
each vibrational mode as reported in the previous 
studies.ti For instance, mode 26 (out-of-plane skeletal 
bending) belonging to b, symmetry (C’,) quenches the 
tunneling. However, the tunneling is accelerated by an ex- 
citation of mode 13 (ring deformation) as well as by mode 
14 (C-C-O bending), both belonging to al symmetry.- 
Two-color (l-+ 1’) threshold photoelectron spectra 
obtained via S1 0’ and H’ are shown in Fig. 2, as a function 
of the total energy (w, + 02). The first prominent photo- 
electron peak obtained from the 0’ excitation is located at 
68 365&5 cm- ‘-(8.476*0.001 eV>, corresponding to the 
adiabatic ionization potential (1,) of tropolone. A.vertical 
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RG. 2. Threshold photoelectron spectra of the tropolone cation obtained 
by ( 1 + 1’) REMPI via the S, 0’ and H’ levels. Bach pair of photoelec- 
tron peaks connected by a dotted line corresponds to a pair of tunneling 
doublet components. The spectra show no tunneling splitting within our 
experimental accuracy. 
TABLE I. The observed vibrational frequencies of tropolone in three 
electronic states, and the adiabatic ionization potential (ZJ. 
Vibrational Symmetry 
Vibratiogal frequencies” 
+ mode (cl”) SOb S*b DOC 
Mode 13. 
(ring deform. ) 
Mode 14 
(C-G-O bend.) 
Mode 25 
al 
al 
434 414 436 
359 296 339 
(out-of-plane bend.) 
Mode 26 
bl 177 171 140 
(out-of-plane bend. ) 4 109 39 
Z,,= 68 365*5 cm-’ (8.476*0.001 eV) 
104 
Wnits are in cm - ‘. 
bAccording to Sekiya et al. (Ref. 6). 
‘This work. 
ionization potential of 8.52 eV has been obtained from He1 
photoelectron spectroscopy. l3 
The 0’ and H’ levels, which correspond to the tunnel- 
ing doublet in the S1 state have positive and negative par- 
ities, respectively. Since each tunneling doublet component 
was selectively excited as an intermediate state in the 
present REMPI experiments, the resulting photoelectron 
spectrum should contain only one component of the dou- 
blet. If proton tunneling occurs in the cation Do stat& an 
energy shift should be observed between the 0’ and H’ 
excitation photoelectron spectra (Fig. 2). This energy shift 
would reflect the difference in the doublet separation be- 
tween So and Do. However, as shown from’ Fig. 2, the 
energy shift is not observed within our experimental accu- 
racy of 2 cm - ‘. Taking into account the fact that the So 
splitting width is 0.3 cm - ‘,4 we conclude that the tunnel- 
ing doublets are nearly degenerate; namely, the proton tun- 
neling is inhibited in the cation Do state. No Do doublet 
separations were observed, even in modes 13 and 14 which 
show a large tunneling splitting in the S, state. 
All the vibrational assignments indicated in Fig. 2 are 
based on several other threshold photoelectron spectra 
which were also obtained from (1 + 1’) excitation of other 
S, vibronic bands. Four vibrational frequencies (modes 13, 
14, 25, and 26) thus obtained in the cation Do state are 
summarized in Table I and compared with those in the So 
and S, states. 
According to Redington,’ in the S, state, the doublet 
separation is 0.3 cm - ’ at the zeroth vibrational level, 
whereas it is 9.8 and 16.3 cm-’ in modes 34 (C=C!-C 
stretching) and 3 1 (0 stretching), respectively. From 
these facts it can be concluded that proton tunneling oc- 
curs in the S, state. In the cation Do state, however, the 
tunneling is inhibited (i.e., much slower than in the So 
state) within our experimental accuracy. In contrast to the 
neutral states, tropolone forms the 67~ electron system in 
the cation Do state. The geometrical and electronic factors 
change upon ionization. The rate of proton tunneling in the 
cation Do state is governed by these two factors. Molecular 
orb&al calculations for neutral tropolone have been carried 
out by several groups. For example, Kuroda et al. l4 have 
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calculated the r-electron distribution, showing a relatively 
high +electron population of the ketonic oxygen atom 
compared with that of the skeletal carbon atoms. This the- 
oretical result supports the classical viewpoint which sug- 
gests a large contribution from the “polar structure.“i5 The 
polar structure is produced by r-electron localization on 
the ketonic oxygen atom. The large polar-structure contri- 
bution promotes strong hydrogen bonding and stabiliza- 
tion of the skeletal ring by aromaticity. In the cation D,, 
state, accessed by rr-electron removal (r - * ) , there seems 
to be less contribution from;the polar structure. This ten- 
dency prevents the intramolecular hydrogen bond from 
forming. 
On the other hand, th!k 67~ aromaticity increases the 
planarity of the seven-membered skeleton. Such a geomet- 
rical factor should be advantageous for accelerating tun- 
neling. We can therefore conclude from our results that the 
electronic factor is more effective in determining the rate of 
proton tunneling in the cation De state. 
In conclusion, the doublet separation in the cation,De 
state of tropolone is less than our experimental accuracy (2 
cm - ‘) . The present experimental results provide clear ev- 
idence of inhibition of proton tunneling in the cation Do 
state. The change of electron distribution by r-electron 
removal should play an important role in weakening in- 
tramolecular hydrogen bonds. This is the main reason for 
the inhibition of the proton tunneling in the cation Do state 
of tropolone, as compared with that of the neutral ground 
state. 
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